Asymmetric cell division generates cell types with different specialized functions or fates. This type of division is critical to the overall cellular organization and development of many multicellular organisms. In plants, regulated asymmetric cell divisions are of particular importance because cell migration does not occur. The influence of extrinsic cues on asymmetric cell division in plants is well documented. Recently, candidate intrinsic factors have been identified and links between intrinsic and extrinsic components are beginning to be elucidated. A novel mechanism in breaking symmetry was revealed that involves the movement of typically intrinsic factors between plant cells. As we learn more about the regulation of asymmetric cell divisions in plants, we can begin to reflect on the similarities and differences between the strategies used by plants and animals. Focusing on the underlying molecular mechanisms, this article describes three selected cases of symmetry-breaking events in the model plant Arabidopsis thaliana. These examples occur in early embryogenesis, stomatal development, and ground tissue formation in the root.
P lant cells are surrounded by rigid cell walls that prevent cell movement. Precisely oriented cell division is especially important in the absence of cell migration. When a plant cell divides, a new wall forms between the daughter cells; this permanently delineates their relative positions. As a consequence, the selection of the division plane is crucial for plant tissue organization and overall organ architecture.
The selection of the division plane is unique in plants compared with other organisms (for a detailed review of plant cytokinesis see Jürgens 2005) . In budding yeast, landmarks at previous bud-sites position the division plane (see Slaughter et al. 2009 ), whereas in fission yeast it is positioned by the nucleus. The position of the centrosomes and the mitotic spindle determine division plane orientation in animal cells (Balasubramanian et al. 2004 ; see Munro and Bowerman 2009) . In plants, the division plane is positioned by a ring of microtubules and F-actin, called the preprophase band that forms at the cell periphery (Mineyuki 1999) . Despite these striking differences, similarities are beginning to emerge. For example, in budding yeast and animals, GTPase activation plays an important role in positioning division planes (Balasubramanian et al. 2004; see McCaffrey and Macara 2009; Slaughter et al. 2009; Munro and Bowerman 2009; Prehoda 2009 ). In plants, a GTPase was recently found to be localized at the preprophase band and may provide spatial information during division (Xu et al. 2008) . Therefore, common molecular mechanisms may underlie division plane selection in plants and animals.
In all organisms, asymmetric cell division is a common method to obtain distinct cell types from a single progenitor cell. Before an asymmetric division a cell must first establish an internal asymmetry; this process is termed breaking symmetry. Breaking symmetry can be generally defined as the asymmetric organization of cellular components along one axis leading to cellular polarization as a prerequisite to division. An asymmetric cell division can generate two cells of different morphology (i.e., size and/or shape) or different specialized functions or fates. Specifically, the products of asymmetric cell divisions fall into two major categories. In one case, a mother cell can divide asymmetrically to produce a daughter cell to replace it and a daughter cell with a distinct fate, as in the case of stem cell divisions. Alternatively, a mother cell can divide asymmetrically to produce two distinct daughter cells at the expense of mother cell identity. Following division, there are two basic mechanisms by which a mother cell generates daughters that are distinct from itself. One mechanism is intrinsic to the cell and is defined by segregation of cellular determinants before division. The other mechanism is extrinsic to the cell and is defined by external cues that direct daughter cell fate (Horvitz and Herskowitz 1992) . Intrinsic and extrinsic mechanisms are not necessarily independent and often work in combination to direct asymmetric division and specification of daughter cells.
The first zygotic division of fucoid brown algae, such as Fucus, is one of the earliest studied examples of symmetry breaking in plants regulated by both extrinsic and intrinsic mechanisms. Fucus zygotes are an excellent organism in which to examine the cellular biology underlying asymmetric cell division (for a recent review see Homble and Leonetti 2007) . In the presence of extrinsic cues, such as light, the asymmetric zygotic division is oriented perpendicular to the light gradient so that one cell resides on the "shady" side of the gradient (Kropf 1992 (Kropf , 1997 Alessa and Kropf 1999) . In the absence of environmental cues, the division is oriented relative to the sperm entry site and therefore appears random within a field of cells (Hable and Kropf 2000) . This indicates that Fucus zygotes have an intrinsic mechanism to break symmetry in the absence of extrinsic cues. This intrinsic mechanism occurs rapidly after fertilization, however it can later be overridden by extrinsic cues. Although much is known about the role of the cytoskeleton, membrane depolarization, and ion flux in Fucus embryo polarization, the molecular components regulating these events remain unknown because of a lack of molecular tools. To address the molecular mechanisms regulating asymmetric cell divisions in plants, the use of a more genetically tractable plant is necessary.
In the model plant Arabidopsis thaliana, many genes that are involved in asymmetric cell division have been identified. Interestingly, many of these genes are thought to function in both asymmetric division and subsequent cell fate specification suggesting that, in plants, these processes are tightly linked. Despite these advances, relatively little is known about the cellular processes of breaking symmetry in plants. Because of these two caveats, the term breaking symmetry must be defined more generally in plants. We use this term to describe a process in which a cell divides asymmetrically to form a daughter cell with a distinct fate. Here we discuss three examples in which the molecular mechanisms that participate in symmetry-breaking events in plants are beginning to be elucidated. These examples occur in early embryogenesis, formation of stomata, and root development (Fig. 1) . We confine the topics of this article to Arabidopsis thaliana because the majority of the experimental work, particularly using molecular genetics, is focused on this species.
Root development Embryo development
Stomatal development Figure 1 . An Arabidopsis plant. Schematic of an adult plant depicting roots, leaves, stems, and flowers. In this article, three symmetry-breaking events are discussed. These examples are taken from different organs of the plant. The first example is taken from embryo development, which occurs after fertilization of the flower in the silique (seed pod) in Arabidopsis. Next, symmetry breaking in the leaf epidermis during stomatal development is discussed. Finally, the asymmetric cell division that gives rise to the ground tissue in the root is considered.
ASYMMETRIC DIVISION OF THE ZYGOTE AND POLARIZATION OF THE EARLY EMBRYO
Embryogenesis is the process by which a zygote undergoes elaborate changes in cell number, fate, and morphology to ultimately form a mature embryo. An important step in embryogenesis is establishment of asymmetry (or polarity) along the longitudinal body axis. Initial embryo polarity is typically anterior-posterior (head -tail) in animals and apical -basal (shoot -root) in plants. In many multicellular organisms, breaking zygotic symmetry is critical for polarity establishment in the developing embryo because the resulting daughter cells have two distinct fates. Following fertilization, the Arabidopsis zygote expands longitudinally, then divides asymmetrically to generate a small apical cell and a larger basal cell ( Fig. 2A) Figure 2 . Embryo development and the asymmetric localization of factors in the embryo. (A) Schematic of embryo development focusing on the events from the egg to the eight-cell stage. After fertilization, the zygote expands and then divides asymmetrically to produce the apical and basal cells. Embryo stages are based on the number of cells in the apical domain only, thus the first zygotic division results in a one-cell stage embryo. The apical cell undergoes a series of divisions to generate the eight-celled proembryo. The basal cell undergoes a series of strictly transverse divisions to generate the suspensor. Later in development, the uppermost cell of the suspensor, the hypophysis, is incorporated into the embryo. Therefore, by the eight-cell stage, four anatomically distinct cell types are present: The upper (green) and lower (yellow-green) tiers of the proembryo, the hypophysis (cream), and the suspensor (white). The suspensor remains extraembryonic, whereas the remaining cell types give rise to the cotyledons, hypocotyl, and root of the mature embryo as depicted by the corresponding color scheme in the eight-cell stage and mature embryo. pattern in Arabidopsis embryogenesis allows lineage analysis of each daughter cell (Mansfield and Briarty 1991) . The apical cell undergoes a precise series of divisions generating a spherical eight-celled proembryo, which will give rise to the majority of the mature embryo. Apical-basal polarity is already recognizable in the eight-celled proembryo:
The upper tier cells will give rise to the shoot and the lower tier cells will form the hypocotyl and a portion of the embryonic root ( Fig. 2A ) (Scheres et al. 1994 ). The basal cell undergoes repeated transverse divisions to produce an extraembryonic support structure, the suspensor, which connects the embryo to the maternal tissue (Jürgens 2001) . The uppermost suspensor cell, the hypophysis, is later incorporated into the embryo to form a portion of the root ( Fig. 2A ) (Dolan et al. 1993; Scheres et al. 1994) . The result of embryogenesis in higher plants is a simple juvenile form, in which most adult plant organs are absent (compare Fig. 1 to mature embryo in Fig. 2A ). This is in contrast to embryogenesis in higher animals, which culminates in essentially a miniature form of the adult organism.
The invariant pattern of cell division in early Arabidopsis embryogenesis indicates a tight regulation of the asymmetric zygotic division and subsequent development of the apical and basal lineages up to the eight-cell stage (see Jenik et al. 2007 for detailed review of Arabidopsis embryogenesis). In this section, we highlight findings regarding the molecular mechanisms regulating asymmetric division of the zygote and cell fate specification of the daughter cells. The mitogen-activated protein kinase kinase kinase (MAPKKK), YODA (YDA), is required for elongation and asymmetric division of the zygote and subsequent development of the basal cell lineage ). In yda loss-of-function mutants, zygotes fail to expand longitudinally and the first zygotic division produces cells of similar size. From the two-cell to eight-cell stage, yda defects are primarily observed in the basal cell lineage. Here, divisions appear in random orientations and suspensor identity markers are not expressed. Despite this, the apical lineage develops normally up to the eight-cell stage, after which it also shows cell division defects. Conversely, in yda gain-of-function mutants, the suspensor proliferates at the apparent expense of the apical lineage. These results indicate that polarity is important for embryo development. Additionally, these data suggest that a signaling network, including YDA, acts as a switch to activate suspensor cell fate. YDA also participates in asymmetric cell divisions later in plant development (see the following section). MAPKK kinases function in a variety of pathways but likely act within signaling modules downstream of extracellular receptors. Thus, it is tempting to speculate that external signals, possibly from maternal tissue, provide cues for zygotic asymmetry and specification of the first embryonic cell fate decision. However, other pathway components and how they may be differentially distributed before or after zygotic division remain unknown.
The Role of Homeodomain Transcription Factors in the Asymmetry of the Zygote
Members of the Arabidopsis homeodomain transcription factor family also have roles in asymmetric cell division and cell fate specification following the first zygotic division. WUS-RELATED HOMEOBOX2 (WOX2) and WOX8 are expressed in both the egg cell and zygote. Following the first zygotic division, WOX2 and WOX8 expression is restricted to the apical and basal cell lineages, respectively ( Fig. 2B) (Haecker et al. 2004) . Another WOX gene, WOX9, is also expressed in the basal cell, but its expression is later restricted to the hypophysis and then expands into the central domain of the proembryo (Fig. 2B) (Haecker et al. 2004; Wu et al. 2007 ). The expression pattern of these three WOX genes coincides with the four anatomically distinct cell types present at the eight-cell stage: the upper tier, lower tier, hypophysis, and suspensor (Fig. 2) . However, the mechanisms regulating expression of WOX2, WOX8, and WOX9 in the early embryo are unknown.
Consistent with their asymmetric expression patterns, these WOX genes have critical roles in the apical and basal lineages. The embryos of wox2 mutants show cell division defects specifically in the apical domain. However, these defects are mild because of expression of related, partially redundant WOX genes in the apical domain (Haecker et al. 2004; Breuninger et al. 2008) . In wox8 and wox9 single mutants, embryo development is largely normal (Wu et al. 2007; Breuninger et al. 2008 ). More severe defects are observed in wox8 wox9 double mutants, in which abnormal cell divisions occur in both the apical and basal cell lineages. Several genetic markers of apical cell fate, including WOX2, are undetectable in wox8 wox9 embryos. These results indicate WOX8/WOX9 activity in the basal lineage is required for formation of the apical lineage, and suggest communication between the lineages is important in the early embryo (Breuninger et al. 2008) . Additionally, in wox8 wox9 embryos, aspects of apical and basal lineage development can be restored by ectopic WOX2 expression. However, in these embryos the zygote fails to elongate and the first division is more symmetrical, closely resembling yda embryos. Despite this similarity, yda wox8 wox9 triple mutant embryos completely arrest development after the first nearly symmetrical zygotic division. This phenotype is much more severe than yda or wox8 wox9 alone and indicates that these genes do not function in a linear pathway (Breuninger et al. 2008 ). This also suggests that signaling through the YDA pathway and WOX-regulated transcription act independently in breaking zygotic symmetry. WOX transcription networks are clearly involved in asymmetric cell division and fate specification in the apical and basal lineages, however details about how WOX genes become differentially expressed after the zygotic division are required to understand their role in this process.
The Role of Auxin in Maintaining Asymmetry in the Early Embryo
The plant hormone auxin is one of the most ubiquitous plant signaling molecules and it appears to be required for many diverse developmental processes (see Barton 2005 and Leyser 2006 for recent reviews). Auxin movement occurs directionally from one cell to another and is mediated by a family of functionally redundant transmembrane efflux carriers, called PINs, named after their founding member PINFORMED1 (Galweiler et al. 1998; Petrásek et al. 2006) . PIN localization on the cell membrane indicates the direction of auxin movement and mutations in PINs result in abnormal auxin transport (reviewed in Paponov et al. 2005) . For instance, PIN7 is localized on the apical membrane of suspensor cells and expression of a synthetic auxin-dependent transcriptional reporter, DIRECT REPEAT5 (DR5), is expressed only in the apical lineage from the first zygotic division to the eight-cell stage (Fig. 2C) (Friml et al. 2003) . These data suggest auxin flow is directed from basal to apical cells to set up the embryo axis. In support of this hypothesis, mutations in multiple PIN genes result in strong embryonic phenotypes, such as embryos without apparent polarity or suspensor-like structures that lack a proembryo (Friml et al. 2003) . Additionally, mutations in either of two auxin response genes, MONOPTEROS (MP) and BODENLOS (BDL), result in abnormal orientation of apical cell division planes (Berleth and Jürgens 1993; Hamann et al. 1999 ). These results suggest that asymmetric auxin transport and response is required for establishment or maintenance of polarity after the zygotic division and specifying embryonic fate in the apical lineage. How the asymmetric distribution of auxin is initially established is unknown.
Putting it all Together in the Early Embryo
The phenotypic similarity between wox8 wox9 embryos and embryos with mutations in multiple PIN genes suggests a link between WOX transcriptional regulation and auxin movement or signaling. WOX8/WOX9 are predicted to regulate a signal, possibly auxin, which moves from the basal to the apical lineage and is required for apical development (Breuninger et al. 2008) . Indeed, auxin flux (measured by PIN localization) and auxin response (assayed by DR5 expression) are defective in wox8 wox9 embryos. However, it is unclear whether WOX transcription factors directly regulate auxin movement or response (Breuninger et al. 2008) . Interestingly, the role for auxin in specification of embryonic fate in the apical lineage appears to be complementary to YDA's role in specification of suspensor fate in the basal lineage. This suggests that the auxin and YDA signaling pathways function independently of each other . Together these data indicate that asymmetric division is not sufficient for development of the apical and basal lineages, instead it appears that intercellular signaling is required to maintain the distinct cell fate of each lineage after the first zygotic division.
ASYMMETRIC CELL DIVISIONS IN STOMATAL DEVELOPMENT
Another example of symmetry breaking in plants can be seen in the asymmetric cell divisions of the epidermis that generate stomata. Stomata are pores in the leaf epidermis that function in gas and water exchange. In Arabidopsis, formation of stomata is initiated by a dispersed population of multipotent stem cells, called meristemoid mother cells (MMCs). First, an MMC divides asymmetrically to form two cells of unequal size (Fig. 3A) . The larger cell acts as a spacer between adjacent stomata, whereas the smaller cell, called a meristemoid (M), undergoes several asymmetric cell divisions to generate more meristemoids before becoming a guard mother cell (GMC) (Bünning 1953; Rasmussen 1981; Geisler et al. 2000; Bergmann and Sack 2007) . Finally, the GMCs divide symmetrically to produce two guard cells (GCs), which act as valves surrounding a pore (Fig. 3A ) (Pant and Kidwai 1967; Geisler et al. 2000; Bergmann and Sack 2007) . Thus, stomata are formed progressively through a series of initially asymmetric and a final symmetric cell division.
In Arabidopsis, these coordinated divisions result in stomates that are separated from each other by an intervening epidermal cell (Sachs 1978 (Sachs , 1991 Geisler et al. 2000) . This one-cell spacing pattern is derived from an asymmetric cell division, called a spacing division, that occurs in a cell that borders an existing M, GMC, or stomate (Fig. 3A) (Geisler et al. 2000) . For example, when an MMC is flanked by a cell that is already progressing through stomatal development, a new division plane is oriented such that the resulting meristemoid is separated from existing stoma by the larger sister cell (Sachs 1978 (Sachs , 1991 Larkin et al. 1997; Croxdale 2000) . Thus, new meristemoid cells are always physically separated from each other. The orientation and placement of the division plane in the MMC strongly suggests the involvement of extrinsic cues from neighboring cells rather than from intrinsic cues (Geisler et al. 2000) .
Cell -cell Signaling and Breaking of Symmetry in the Epidermis
Cell-cell signaling was further implicated in coordinating asymmetric cell divisions of the stomatal lineage when the gene corresponding to the too many mouths (tmm) mutation was found to encode a leucine-rich repeat receptorlike protein (LRR-RLP). LRR-RLPs are similar to transmembrane receptor kinases but lack an intracellular kinase domain (Geisler et al. 2000; Nadeau and Sack 2002) . In tmm mutants, the stomata are positioned randomly relative to one another because of a failure to properly orient asymmetric cell divisions. As a consequence, tmm stomata are frequently in direct contact because the spacing divisions are not properly executed (Geisler et al. 2000) . Based on these data, it was hypothesized that TMM transduces extracellular signals in a manner similar to that proposed for other LRR-RLPs (Jeong et al. 1999; Trotochaud et al. 1999; Nadeau and Sack 2002; Dievart (Fig. 3B) . The discovery that stomatal spacing defects occur in plants with mutations in the ERECTA gene family (ERf ), which encode LRR-RLKs, provided support for this hypothesis and candidate interaction partners for TMM (Masle et al. 2005; Shpak et al. 2005) . Furthermore, expression and mutant analyses indicate that TMM and ERf are part of a genetic pathway in which TMM prevents signaling through ERECTA-like1 (ERL1) upon heterodimerization (Shpak et al. 2005) . Additionally, mutations in YODA (YDA), a MAPKKK gene, are phenotypically similar to ERf mutants. Genetic analyses suggest that YDA acts downstream of TMM, as gain of function mutations in YDA do not produce stomata and can repress the clustered stomata observed in tmm mutants (Bergmann et al. 2004; Shpak et al. 2005 ). This indicates that MAP kinase (MAPK) signaling is involved in asymmetric cell division during stomatal development, in addition to its role in embryogenesis (as previously discussed). A signaling cascade downstream of YDA was subsequently identified that involves MAP kinase kinase4 (MKK4) and MKK5 followed by the MAP kinase3 (MPK3) and MPK6 ). Double mutants and/or RNA interference knockdown of both MKK4 and MKK5 or MPK3 and MPK6 resulted in an epidermis composed entirely of stomata indicating a severe disruption in both regulated asymmetric divisions and cell specification. These data led to a hypothesis that a signaling cascade beginning at the membrane with TMM and ERf followed by YDA, MKK4/MKK5, and MPK3/MPK6, sequentially phosphorylate downstream targets to regulate both asymmetric cell divisions and cell fate specification in the stomatal lineage ( Fig. 3B) Lampard et al. 2008) .
The candidate extrinsic factors that trigger this signaling cascade appear to be small proteins. A subtilisin-like serine protease encoded by the STOMATAL DENSITY AND DISTRIBUTION1 (SDD1) gene is important for the proper orientation and number of asymmetric cell divisions in stomatal patterning (Berger and Altmann 2000; von Groll et al. 2002) . SDD1 may function to process protein ligand(s) involved in signaling upstream of TMM (Berger and Altmann 2000; von Groll et al. 2002) . Secondly, a small-secreted peptide called EPIDERMAL PATTERNING FACTOR 1 (EPF1) has been shown to be involved in stomatal patterning (Hara et al. 2007 ). EPF1 and SDD1 do not appear to interact genetically, suggesting SDD1 is not involved in the processing of EPF1 (Fig. 3B) (Hara et al. 2007) . It is tempting to speculate that EPF1 provides positional cues to inform subsequent asymmetric divisions perhaps by a means similar to extracellular gradients as observed in animal systems. However, it is unknown whether a gradient exists, whether or not EPF1 binds to any of the aforementioned receptors, or is the only ligand involved in breaking symmetry in the epidermis.
Intrinsic Factors Involved in the Asymmetric Cell Divisions of the Stomatal Lineage
Many intrinsic factors acting in asymmetric cell divisions of the stomatal lineage are transcription factors of the basic helix-loop-helix (bHLH) class. Three bHLHs, SPEECHLESS (SPCH), MUTE, and FAMA, appear to act sequentially in stomatal formation starting with asymmetric cell divisions and progressive cell fate specification, and ending with stomatal differentiation (Fig. 3A) (MacAlister et al. 2007; Pillitteri et al. 2007; Kanaoka et al. 2008; Nadeau 2009 ). SPEECHLESS (SPCH) is required first as asymmetric cell divisions and expression of early stomatal identity markers are not observed in spch mutants. This suggests SPCH promotes the initial breaking of symmetry in the epidermis and may promote the transition to meristemoid fate. Loss-of-function mutants in
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Cite this article as Cold Spring Harb Perspect Biol 2009;1:a000497 a second transcription factor, MUTE, exhibit excessive asymmetric cell divisions in the epidermis and the resulting cells fail to differentiate into stomata. MUTE expression is not detected in spch mutants, suggesting that it acts downstream of SPCH to arrest asymmetric cell divisions and allows the transition to guard mother cell fate (MacAlister et al. 2007; Pillitteri et al. 2007) . A third bHLH, FAMA, promotes the transition to guard cell fate. FAMA expression is not detected in spch and mute mutants, also suggesting that it acts downstream of SPCH and MUTE (MacAlister et al. 2007; Pillitteri et al. 2007 ). Thus, the sequential action of SPCH and MUTE appears to promote and regulate the breaking of symmetry in the epidermis and together these three bHLHs specify the resulting daughter cells.
This model is somewhat oversimplified as other intrinsic components have been identified, including several that interact with SPCH, MUTE, and FAMA. Four other bHLHs and two R2R3 MYB-type transcription factors (TFs) have recently been implicated as intrinsic factors involved in stomatal patterning and cell specification. The expression pattern and mutant phenotype of FAMA resemble that of the R2R3 MYB-type TF FOUR LIPS (FLP) (Lai et al. 2005; Ohashi-Ito and Bergmann 2006) . Although plant R2R3 MYB-type TFs have been shown to heterodimerize with bHLHs, FAMA does not heterodimerize with FLP (Lee and Schiefelbein 1999; Zimmermann et al. 2004; Ohashi-Ito and Bergmann 2006) . Instead, FAMA interacts genetically, in vitro, and in planta with two additional bHLHs, bHLH071 and bHLH093 (Ohashi-Ito and Bergmann 2006) . The important role of bHLH dimerization in symmetry breaking is supported by the recent demonstration that the bHLH proteins SCREAM (SCRM)/ICE1 or SCREAM2 (SCRM2) heterodimerize in vitro and in vivo with SPCH, MUTE, and FAMA. In scrm/ice1 scrm2 double mutants, the epidermis consists only of fully differentiated epidermal cells, just like spch mutants (Kanaoka et al. 2008) . Taken together, these data indicate that the combinatorial and sequential action of intrinsic factors, such as bHLHs, is integral to the regulation of asymmetric cell division in the stomatal lineage.
A Connection between Cell -cell Signaling and Intrinsic Factors in Stomatal Formation
A link between extrinsic and intrinsic factors involved in breaking symmetry in the stomatal lineage is predicted based on genetic experiments that show spch is epistatic to yda (MacAlister et al. 2007; Lampard et al. 2008 ). However, the targeted phosphorylation of intrinsic factors like SPCH by a MAPK signaling cascade, including factors like YDA, was regarded as dubious because MAPK signaling is common to many pathways in plant development (Lampard et al. 2008) . Despite this, the receptor/MAPK signaling system was recently shown to modulate SPCH in vivo through phosphorylation that appears to repress SPCH activity (Fig. 3B) (Lampard et al. 2008) . The region of SPCH targeted for phosphorylation is not found in any other Arabidopsis protein, but is common to SPCH-related proteins in other plant species. This suggests an evolutionarily conserved mechanism for regulation of SPCH activity in a specific cell type, the stomata (Lampard et al. 2008 ). This shows a concrete connection between the cell -cell signaling pathway and the sequential action of TFs in the symmetry-breaking events of the stomatal lineage.
ASYMMETRIC DIVISION IN THE CORTEX-ENDODERMAL CELL LINEAGE
In the Arabidopsis root, an asymmetric cell division generates the two cell layers of the ground tissue. The ground tissue is located between the vasculature and epidermis and is comprised of two distinct cell types: the cortex and the endodermis (Fig. 4A ). These two cell types are generated through asymmetric cell division of a single initial (stem) cell. The cortex/endodermal initial (CEI) undergoes a transverse asymmetric division to maintain the CEI and generate a CEI daughter (CEID). The CEID then divides asymmetrically, in a longitudinal orientation, to produce one cell for each ground tissue layer (Fig. 4B) . Thus the asymmetric division of a single cell generates two morphologically and molecularly distinct cell types (Benfey et al. 1993; Dolan et al. 1993; Scheres et al. 1994; Di Laurenzio et al. 1996) .
The asymmetric division of the CEID is regulated through activity of two transcription factors, SHORT-ROOT (SHR) and SCARECROW (SCR). SHR and SCR are members of the GRAS family of transcriptional regulators and were found in a genetic screen to identify molecules with roles in radial patterning of the root (Benfey et al. 1993; Di Laurenzio et al. 1996; Pysh et al. 1999; Helariutta et al. 2000) . Both shr and scr mutants each have only a single layer of ground tissue. In shr mutants, the CEID fails to undergo the longitudinal division resulting in a single ground tissue layer with only cortex features. In scr mutants, the CEID also fails to divide longitudinally, however, the resulting single layer of ground tissue has features of both the endodermis and cortex. These data suggest that SCR is required for the CEID division, whereas SHR is required both for CEID division and specification of endodermal cell fate.
SHR Reveals a Novel Mechanism to Regulate Symmetry Breaking
Differences in SHR mRNA and SHR protein localization suggested a novel mechanism for symmetry breaking in CEI cells. SHR mRNA is restricted to the vasculature (internal to the ground tissue), whereas SHR protein is found both in the vasculature and the adjacent cell layer (Helariutta et al. 2000; Nakajima et al. 2001 ). This adjacent cell layer includes the quiescent center, CEI, CEID, and endodermis (Fig. 3A,C) (Benfey et al. 1993; Dolan et al. 1993) . Importantly, SHR protein is specifically required in the adjacent layer for asymmetric CEID division and endodermal specification (Nakajima et al. 2001; Sena et al. 2004; Cui et al. 2007 ). This is achieved though the regulated movement of SHR protein from the vasculature into the adjacent cells (Gallagher et al. 2004; Gallagher and Benfey 2009) . Moreover, ectopic expression of SHR beyond the vasculature and endodermis results in supernumerary endodermal cell layers (Helariutta et al. 2000; Nakajima et al. 2001) . The formation of these extra layers is dependent on SCR expression (Nakajima et al. 2001; Cui et al. 2007) . These data indicate that SHR localization, together with SCR, are required for asymmetric cell division and endodermal specification.
In vivo molecular evidence supporting this conclusion was recently reported. First, SHR and SCR bind to the SCR promoter in chromatin immunoprecipitation experiments (Levesque et al. 2006; Cui et al. 2007 ). Secondly, SHR and SCR proteins interact as shown by coimmunoprecipitation experiments. Additionally, SHR and SCR have common transcriptional targets suggesting that they form a regulatory complex (Cui et al. 2007 ). Together these data have led to the following model for asymmetric CEID division and endodermal specification: SHR moves from the vasculature into the adjacent cell layer where it interacts with SCR and is sequestered into the nucleus. In the nucleus, SHR and SCR activate transcription of SCR and other shared downstream targets which function in the asymmetric division of the CEID. Additionally, nuclear sequestration confines SHR to the first cell layer adjacent to the vasculature, thereby restricting endodermal cell fate specification to a single layer (Cui et al. 2007) .
One prediction of this model is that a sufficient amount of SCR is required to block SHR movement beyond the endodermis. A positive feedback mechanism by the SHR/SCR complex on SCR expression was proposed to achieve sufficient SCR levels to prevent further SHR movement. To test this, RNA interference was used to reduce SCR expression below a threshold level. Examination of plants with reduced SCR mRNA levels revealed SHR movement into additional layers. This resulted in activation of SCR and consequently additional asymmetric cell divisions and endodermal layers in these plants (Cui et al. 2007) . These data show the importance of a SHR/SCR positive feedback loop in generating sufficient SCR quantities to restrict SHR movement to a single cell layer. Recent evidence has implicated additional players in the SHR/SCR model for regulation of asymmetric cell division, such as the zinc finger proteins JACKDAW, MAGPIE, and NUTCRACKER (Welch et al. 2007) . Thus the proposed model for regulating symmetry breaking in the CEID is likely more complicated, involving the action of additional transcriptional regulators. In summary, a novel molecular mechanism of intracellular transcription factor movement regulates both the asymmetric division of the CEID and subsequent endodermal cell fate specification.
CONCLUDING REMARKS
These examples of asymmetric cell divisions in Arabidopsis indicate plant cells use both intrinsic and extrinsic mechanisms to regulate symmetry-breaking events. Positional information (extrinsic cues) has been previously shown to be important in plant development by clonal analysis and laser ablation studies (Irish and Sussex 1992; van den Berg et al. 1995 van den Berg et al. , 1997 Kidner et al. 2000) . Here, the prevalence of signaling pathways that include auxin, transmembrane and MAPK kinases, and protein movement indicate the significant role of extrinsic factors in symmetry breaking. Asymmetric cell divisions in plants also involve intrinsic factors such as the WOX, bHLH, and GRAS transcription factors. Recent work has begun to provide links between intrinsic and extrinsic factors suggesting that their cooperative function is necessary for asymmetric cell divisions. We have highlighted three examples of symmetry-breaking events that show this cooperation in embryogenesis, formation of stomata, and ground tissue formation. Below we compare and contrast these Arabidopsis examples with those found in metazoans.
Intrinsic and Extrinsic Factors in Embryonic Asymmetry
In the zygote and early embryo, both intrinsic and extrinsic factors appear to be required for the asymmetric zygotic division that establishes the plant body plan. Intrinsic factors, such as localized expression of transcription factors, are important for asymmetry in early animal embryo development and may also be important in the plant embryo. Well-known examples in animals include the homeobox (Hox) proteins. Hox genes are expressed in specific domains and are required for normal anterior-posterior patterning and cell type specification in both vertebrate and invertebrate embryos (Krumlauf 1994; Hughes and Kaufman 2002) . The finding that homeobox family members in plants, the WOX proteins, also function in embryo patterning may suggest an evolutionarily important role for these proteins in establishment of asymmetry early in development (Mayer et al. 1991; Haecker et al. 2004) . Despite the significant differences in plant and animal embryogenesis, a common mechanism may exist that involves differential localization of transcription factors after the first zygotic division.
Two lines of evidence support the role of extrinsic factors in asymmetry in the plant embryo. First, the defective asymmetric zygotic division in yda mutant embryos suggests that embryonic asymmetry may rely on external cues perceived and relayed by a MAPKKK-containing signaling pathway. Second, auxin signaling and transport are also implicated in maintaining asymmetry in the embryo; however, the site of auxin synthesis and how it is regulated remains unknown. Together these data implicate both intrinsic and extrinsic factors in breaking symmetry in the embryo. Future work will be necessary to identify additional players and elucidate the links between these extrinsic and intrinsic factors.
Cooperation of Intrinsic and Extrinsic Factors in Symmetry Breaking in the Epidermis
In stomatal formation, intrinsic factors interact in a consecutive and likely combinatorial fashion to regulate asymmetric cell division and cell fate specification. The action of these intrinsic factors appears to be controlled by extrinsic factors through a signal transduction cascade. This is similar to the formation of animal neurons and muscle fibers, where extrinsic signals regulate closely related bHLH proteins that act in a hierarchical fashion (Olson 1990 (Olson , 1992 Weintraub et al. 1991; Campuzano and Modolell 1992; Jan and Jan 1993) . Although there is similarity between bHLH action in plant stomatal and animal neural and muscle development, the evolutionary history of bHLH proteins suggests this relationship is distant. Plant bHLH proteins are believed to be part of an ancestral bHLH group, whereas many bHLHs involved in neurogeneis and myogenesis likely arose later in evolutionary history to perform animal specific functions (Atchley and Fitch 1997; MacAlister et al. 2007 ). These results suggest that plant and animal evolution may have arrived at a similar mechanism to regulate symmetrybreaking events.
The Distinction between Intrinsic and Extrinsic Factors is Blurred in Ground Tissue Formation
Asymmetric cell division and subsequent endodermal cell specification due to the movement of the transcription factor SHR constitutes a novel mechanism for symmetry breaking. The model for restricting SHR movement to a single cell layer requires SCR-mediated sequestration into the nucleus. SCR is downstream of SHR and a positive feed-forward loop is required to generate sufficient SCR to restrict SHR movement. In plants, the movement of several other developmentally important transcription factors beyond their transcriptional domains has been documented (Lucas et al. 1995; Perbal et al. 1996; Sessions et al. 2000; Wada et al. 2002; Kim et al. 2003) . The requirement for movement of transcription factors in development may be a plant-specific mechanism that evolved as a byproduct of restricted cell movement. The intercellular movement of proteins customarily defined as intrinsic factors stimulates the provocative notion of one cell's intrinsic factor acting as an extrinsic factor in a neighboring cell.
Perspectives and Future Directions
Plants and animals represent the two main outgroups of multicellular eukaryotes; it is intriguing to contemplate the similarities and differences in their strategies to accomplish a fundamental process such as asymmetric cell division. As we learn more about the molecular mechanisms regulating symmetry breaking in plants, we can begin to draw interesting parallels to animal models. For example, partitioning of transcripts before cell division in animals is well documented, yet how WOX2/WOX8 transcripts in plants become differentially localized (or expressed) is unknown. On the other hand, because plants and animals independently evolved multicellularity, comparable molecular mechanisms regulating symmetry breaking must have also evolved independently. Additionally, there may be more to learn from the differences than the similarities. In the case of a transcription factor moving to regulate an asymmetric cell division, there is not a comparable example in animal systems. Future work may reveal whether this is a universal or plantspecific mechanism to regulate asymmetric cell division. Positioning of the division plane is another area of future interest. In plants, a clear functional link between the cell division machinery and the molecular mechanisms regulating asymmetric cell division has not been established. For example, in the mutants discussed in this article it is unclear if the defects are in asymmetric cell division, the orientation of the axis of symmetry relative to spatial cues, cell fate specification, or a combination of these. Continued work is required to distinguish between these possibilities as well as to determine just how far we can extend the apparent similarities and differences in regulated asymmetric cell divisions in plants and animals.
